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Two different dynamic decoupling strategies, the classic CPMG and the more recently proposed
UDD protocol are compared in the context of magnetic resonance imaging (MRI). Both sequences
were implemented on a 3T human MRI system and relaxometry was performed for a variety of
tissue-mimicking agarose gels. We find that CPMG provides moderately better decoupling than
UDD. The results are consistent with experimental noise spectra obtained from in vivo spectroscopy
results, which suggest that the type of noise spectra obtained would favor CPMG. Theoretical
coherence pathway analysis further suggests that UDD is more susceptible to systematic errors due
to static magnetic and radio-frequency field inhomogeneity or imperfect excitation and refocusing
pulse profiles.
I. INTRODUCTION
Refocusing is a technique widely used in nuclear mag-
netic resonance (NMR) to compensate for systematic
errors, e.g., arising from static magnetic field inhomo-
geneities, and as a way to modify image contrast in MRI.
The oldest technique is the Hahn spin echo (SE), which
involves a 180◦ refocusing pulse inserted halfway between
the excitation and readout pulse [1]. Modern fast spin
echo (FSE) techniques utilize the same basic 90◦-180◦
SE but with multiple 180◦ refocusing pulses to reduce
image acquisition times. SE and FSE sequences form
the basis of many clinical imaging protocols.
Hahn’s work was later extended by Carr, Purcell, Mei-
boom and Gill [2, 3]. The resulting CPMG sequence con-
sists of two 180◦ refocusing pulses applied at time 14TE
and 34TE , where TE is the echo readout time. Unlike for
the Hahn spin echo, the refocusing pulses are usually ap-
plied about an axis orthogonal to that of the excitation
pulse. The two-pulse CPMG sequence can be repeated
n times, resulting in a sequence of 2n regularly spaced re-
focusing pulses. Regular spacing of the refocusing pulses
was assumed to be optimal, especially in mitigating the
effects of free diffusion [3].
More recently Uhrig showed that changing the spac-
ings between the n refocusing pulses can improve decou-
pling for a spin- 12 particle coupled to a noisy environ-
ment characterized by an Ohmic bath [4]. In UDD the
pulse spacings are chosen to make the first n− 1 deriva-
tives of the modulation function with respect to the fre-
quency ω vanish at ω = 0, the modulation function being
the Fourier transform of the piecewise constant switch-
ing function that changes sign whenever a decoupling or
refocusing pulse is applied. It was later argued that this
choice of timings should provide better refocusing for a
range of noise spectra, not limited to Ohmic-bath-like
spectra [5, 6].
This has spurred a number of recent papers investigat-
ing the efficiency of different dynamic decoupling (DD)
schemes. In Ref. [7] it was observed that both UDD and
CPMG afforded comparable protection from the ambi-
ent noise environment with regard to extending the co-
herence time of a memory qubit consisting of a single
trapped 43Ca+ ion. Ref. [8] found that UDD outper-
formed CPMG in preserving electron spin coherence in
irradiated malonic acid crystals at a wide range of tem-
peratures, while CPMG outperformed UDD for a qubit
consisting of a 13C nuclear spin coupled to a proton spin
bath with a close-to-Gaussian spectral density distribu-
tion [9].
One of the applications suggested for UDD is con-
trast enhancement in MRI. Warren et al. compared the
UDD sequence to the standard CPMG sequence and
concluded that it appeared to result in improvements in
contrast in cancerous tissue in mice [10]. However, the
observed effects were generally small and signal differ-
ences could be due various non-idealities in the experi-
mental setup. In more recent work on endogenous mag-
netic resonance contrast based on the localized composi-
tion of fat, it was further observed that CPMG appeared
more effective in refocusing oil while UDD appeared bet-
ter at refocusing fat tissue [11].
These preliminary results suggest that advanced dy-
namic decoupling sequences such as UDD could have in-
teresting applications in MRI. To assess this possibility
and gain a better understanding the performance of novel
decoupling sequence and their potential for applications
in MRI, we perform relaxometry experiments to deter-
mine the observed transverse relaxation times for a set
of tissue-mimicking agarose and agar hydrogel phantoms
in a standard 3 T human MRI scanner. Specifically we
determine the T2 relaxation times for n-pulse refocusing
sequences with CPMG and UDD spacing, respectively.
We further compare the performance of both sequences
for different types of noise spectra using simulations and
apply coherence pathway analysis to explain apparent
differences in contrast observed in terms of differences
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2in the sensitivity to tissue inhomogeneities as a result of
interference effects for different echo pathways.
II. DYNAMIC DECOUPLING AND MRI
CONTRAST
The main sources of image contrast in conventional
MRI are differences in the spin density ρ and effective
longitudinal and transverse relaxation rates, R1 = 1/T1
and R2 = 1/T2 respectively, of proton spins in different
tissues. By decoupling the system from its environment
to various degrees, dynamic decoupling pulses can change
the effective relaxation rates and thus image contrast.
Inhomogeneities in the magnetic field, whether due to
imperfections in the static magnetic field ( ~B0), dynamic
magnetic field gradients applied, tissue susceptibility ef-
fects or other sources, give rise to variations in the Lar-
mor frequencies of the spins within a voxel. As a result
the proton spins precess at different frequencies and the
ensemble dephases over time. Applying a 180◦ refocusing
pulse halfway between the excitation and readout, inverts
the phase of the spins, causing the ensemble to rephase at
the target time. Thus a Hahn spin echo effectively com-
pensates for the static or zero-frequency component of
the combined resonance offset resulting from all sources
∆ω(~r, t). If the precession frequencies ∆ω(~r, t) are not
constant in time then a single refocusing pulse will refo-
cus the spins only partially. Using average Hamiltonian
theory it can be shown that refocusing can be improved
by increasing the number of refocusing pulses.
Intuitively, equidistant spacing of the refocusing
pulses, as in the repeated CPMG scheme, appears the
most natural choice. However, it is not necessarily opti-
mal. Specifically, it was show in Ref. [4] that choosing
the refocusing pulse timings tj according to the formula
tj = sin
2(pij/(2n+ 2))TE , j = 1, 2, . . . , n (1)
improves decoupling for an Ohmic bath noise spectrum
with a high-frequency cut-off, in that it makes not only
the zero-frequency component y˜(0) of the modulation
function vanish but also its first n−1 derivatives y˜(n)(ω)
at ω = 0. To be precise, y˜(ω) is the Fourier transform of
the time-domain switching function y(t) of the toggling
frame Hamiltonian H˜ = y(t)~∆ω(~r)σz, where σz is Pauli
matrix
σz =
1
2
(
0 1
1 0
)
.
For ideal instantaneous 180◦ pulses applied at times tj ,
y(t) is piecewise constant, ±1, and each pulse simply
changes its sign. Ref. [5] showed using perturbation the-
ory that the choice of pulse timings (1) suppresses pure
dephasing to Nth order for small T not just for the spin-
boson model for which it was originally derived [4] but
for a much larger class of bath models. It was also ob-
served in this work that this result still holds for more
general modulation functions, provided the scaled mod-
ulation function contains fn(θ) only odd harmonics of
sin((n+ 1)θ).
Recent work further suggests that the refocusing per-
formance of UDD may depend on the tissue type [10],
and that the conventional CPMG sequence may provide
superior refocusing for liquids such as free water and oil,
while UDD may perform better for certain biological tis-
sues such as fat [11].
III. EXPERIMENT DESIGN AND RESULTS
The CPMG and UDD pulse sequences were imple-
mented using the Siemens integrated development en-
vironment for applications (IDEA) C++ framework pro-
vided by the manufacturer. All experiments were per-
formed on a Siemens (Erlangen, Germany) 3 T Magne-
tom Skyra system with tissue-mimicking gel phantoms.
A. Phantom preparation
Five 20 ml agarose gel samples with agarose concentra-
tions ranging from 1% to 5% agarose (#A0169, Sigma-
Aldrich, Dorset, UK) were prepared by dissolving agarose
powder in deionized water heated to 80 − 90◦C while
mixing for 30 − 40 minutes. Solidification and polymer-
ization occurred at room temperature overnight. In ad-
dition to these test-tube size gels we also prepared a
larger cylindrical agar hydrogel phantom consisting of
a glass jar with six gel layers with varying concentra-
tions of agar agar ranging from 0.25 g to 1.25 g per 60 ml
of deionized water slightly doped with manganese chlo-
ride to reduce the T1 relaxation times. Agarose, agar
agar and carageenan gels were chosen due to their tissue-
mimicking properties [12, 13].
B. Sequence design
The pulse sequence design consists of a slice-selective
excitation pulse with a flip angle of 90◦ about the y-axis
to transfer magnetization into the transverse plane, fol-
lowed by a series of slice-selective 180◦ refocusing pulses
about the x-axis, timed to coincide with CPMG or UDD
spacing as defined in Eq. (1), followed by readout at the
echo time TE . In addition to frequency and phase en-
coding gradients as required for imaging, the refocusing
pulses are flanked by crusher gradients with variable gra-
dient moments as shown in the sequence diagram Fig. 1.
As the objective is to elucidate the effect of changes in the
pulses timing, care was taken to ensure that the CPMG
and UDD sequence variants were identical except for the
differences in pulse timing, which was achieved by hav-
ing a single implementation with a simple toggle switch
to alternate between equal (CPMG) and UDD spacing
of the refocusing pulses.
3FIG. 1. Pulse sequence diagram for four-pulse UDD sequence, which differs from the conventional CPMG sequence in the
spacing of the refocusing pulses.
While the refocusing pulse sequence fixes the spacing
of the refocusing pulses, it does not prescribe the excita-
tion and refocusing pulses. Ideal refocusing pulses should
produce instantaneous 180◦ rotations but this is clearly
not possible as realistic pulses have finite width and there
are constraints on the pulse amplitudes. In addition the
pulses are generally required to be slice-selective, which
restricts the pulse shapes. We choose Hanning-filtered
SINC pulses with pulse envelopes
A(t) = 12 (1 + cos(2pit/tRF)) sinc(pict/tRF), (2)
for − 12 tRF ≤ t ≤ 12 tRF and c = 2.7 (fixed) where tRF is
the pulse duration, which can be dynamically adjusted
in the sequence protocol. As pulse sequences such as
UDD and CPMG are designed for instantaneous pulses,
shorter RF pulses, allowing shorter TE , or more refocus-
ing pulses for a given TE , are desirable. However, in
practice the pulse durations are constrained by technical
limitations of the equipment (e.g., available transmitter
voltages) and deterioration in the quality of the slice pro-
files for very short pulses.
Following previous work in this area (e.g. [10]) only the
final echo is acquired for both CPMG and UDD. This
departs from common practice in MRI, where multi-echo
sequences such as CPMG are mostly used to accelerate
image acquisition in FSE sequences and for T2 mapping,
and usually all intermediate echoes are used. Although
it is possible to acquire intermediate echoes for the UDD
sequence, the non-periodicity of the refocusing pulse tim-
ings means that UDD4 is not equal to repeating UDD2
twice, and therefore the interpretation of the intermedi-
ate echoes is not obvious. The inability to utilize inter-
mediate echoes for UDD T2 mapping is a disadvantage in
terms acquisition times. However, this drawback can be
offset by using slice selective refocusing pulses to perform
T2 mapping for multiple slices at once.
4C. Phantom placement, coil and slice selection
The test-tube-sized agarose gels were placed in a card-
board sample holder on the patient table and positioned
near the isocenter of the scanner. The build-in trans-
mit body coil was used for the excitation and refocusing
pulses, while a 7 cm loop coil was used as the receive coil.
For all gels a 5 mm coronal slice was selected as shown in
Fig. 2. Field-mapping was used to select the slice to avoid
the field inhomogeneities near the top and bottom of the
sample. The images acquired were automatically regis-
tered using in-house matlab code and circular regions of
interest (ROI) selected. The radius of the ROI was about
80% of the phantom radius to avoid edge effects near the
boundary.
The larger cylindrical agar hydrogel phantom was
placed in a cylindrical knee coil aligned with the z-axis
approximately 15 mm below the isocenter of the magnet.
Unlike the loop coil used for the small samples, the knee
coil is a transmit-receive birdcage resonator and was thus
used both for RF excitation and readout. A 5 mm coro-
nal slice through the center of the phantom was selected
and six rectangular ROI were chosen as shown in Fig. 3.
D. Transmitter Voltage Calibration
To determine the transmitter voltages required to ob-
tain the desired flip angles, a number of gradient echo
scans with TE = 3 ms and TR = 3000 ms, respectively,
and varying transmitter voltage V were performed. The
mean signal S(V ) over a selected ROI of each sample
was measured for each scan, and the signal S(V ) fitted
according to the formula
S(V ) = c0
| sin(c1V )|
1− e−TR/T1 cos(c1V ) . (3)
The resulting signal fits yield the flip angle as a func-
tion of the voltage, α(V ) = c1V , assuming linear depen-
dence, as well as the constants c0 related to the saturation
magnetization and the longitudinal relaxation time T1 as
a bonus. The results of the flip angle characterization
for our agarose gels subject to SINC pulses of length
tRF = 2048 µs are shown in Fig. 4. We infer from the
graph that the voltage required to obtain a 180◦-pulse of
length tRF = 2048 µs is around 535 V. Notice the signal
curves for all agarose gels are virtually coincident with
small errorbars indicating little variation of the signal
over the ROI.
The equivalent signal vs transmitter voltage curves for
the six ROIs of the six-layer agar gel phantom defined
above, are shown in Fig. 5. Due to RF in homogeneity
there is much greater variation of the signal over each
ROI and the flip angle curves and the voltages required
to achieve a 180◦-pulse. This means that it is impossible
to choose a transmitter voltage that achieves uniform flip
angles over the entire phantom.
To further calibrate the pulses to minimize unwanted
stimulated echoes, a number of CPMG experiments were
performed. Each experiment was carried out with two
choices for the crusher gradients flanking the refocusing
pulses: (1) symmetric crushers with gradients moment
g1a = g1b and g2a = g2b 6= g1a, which suppress the stim-
ulated echo, and (2) g1a = g2b and g1b = g2a = 0, which
dephase the regular echo and select the stimulated echo,
where a and b refer to the left and right-flanking crushers,
respectively. The voltages were then tuned to minimize
the ratio of the stimulated echo and primary echo signals.
Fig. 6 shows the ratios of the signal intensity for the stim-
ulated and regular echo, averaged over the ROI, for the
test-tube sized agarose gels as stem plots versus the peak
voltage of the excitation and refocusing pulse. The data
suggests that the optimal voltages for all samples cluster
around 500 V and 535 V for the excitation and refocusing
pulses, respectively.
For the six-layer agar gel phantom RF inhomogeneity
leads to considerable variation in the stimulated vs reg-
ular echo ratios across the phantom as shown in Fig. 7
and the optimal choice of voltages for the excitation and
refocusing pulses is less obvious. We choose 130 V and
180 V for the amplitudes of the excitation and refocusing
pulses, respectively, because it resulted the most uniform
SE/PE ratio compared to other choices that resulted in
lower stimulated echo contributions for some parts of the
phantom but higher values elsewhere.
E. Transverse relaxation subject to CPMGn and
UDDn
To determine the transverse relaxation rates for our
phantoms subject to different decoupling sequences, a
series of images were acquired for n-pulse CPMG and
UDD sequences with n even, ranging from 2 to 16. The
mean signal S(TE) over a fixed ROI was measured for
each sequence and fitted according to
lnS(TE) = C − TER2 (4)
in both cases to obtain RCPMG2 and RUDD2 . The echo
times TE(n) were the same for bothCPMGn andUDDn.
For the agarose gels we compared two cases: (a) no crush-
ers, i.e., crusher gradient moments zero and (b) symmet-
ric crusher gradients with unequal moments designed to
suppress all but the target pathway echo. For the six-
layer agar gel phantom only the results without crusher
gradients were used for R2 fitting due to low signal values
with crusher gradients applied, as expected considering
the large stimulated echo contributions for this phantom.
The results are shown in A and summarized in Fig. 8. As
expected, we observe an almost linear increase in R2 with
concentration in all cases. Comparison of the R2 val-
ues for CPMG and UDD, however, shows that CPMG
consistently outperforms UDD in the sense that the ob-
served relaxation rates with CPMG decoupling are con-
sistently lower than for UDD decoupling. The R2 fits
5(a) Coronal (b) Transverse (c) Sagittal
FIG. 2. CPMG field maps for 1% agarose gel near ISO center.
(a) ROIs (b) Coronal (c) Sagittal
FIG. 3. In-slice ROI selection and CPMG field maps for six-layer agar gel phantom.
FIG. 4. Signal vs transmitter voltage for 2048 µs SINC pulses
for test-tube-size agarose gels using body coil for transmit and
loop coil for detection.
for CPMG and UDD with uniform crusher gradients
in Fig. 21 in the Appendix, further show that the dif-
ference between CPMG and UDD is negligible for the
middle layers (3 and 4), for which the field maps show
high B0 homogeneity, while the CPMG performs signif-
icantly better than UDD for the outer layers, which are
subject to significant B0 inhomogeneity.
Although the transverse relaxation rates R2 = 1/T2
obtained from our fits are likely to be overestimated due
to fractional signal losses for each refocusing pulse, the
comparison should still be valid as these losses should be
the same for both UDD and CPMG, considering that
they differ only in the timing of the refocusing pulses.
However, there are a number of ways the sequence could
be improved. T2 underestimation due to fractional signal
loss could be corrected using B1 mapping [23] and by
optimizing the refocusing angles to maximize in final echo
amplitudes [24].
IV. DYNAMIC DECOUPLING SIMULATIONS
FOR IDEAL PULSES
To explain these results, we performed simulations
comparing the performance of ideal dynamic decoupling
sequences with CPMG and UDD spacing, respectively,
for different noise spectra. Assuming (i) that we start
with all the magnetization transferred to the xy plane,
Mz(0) = 0, and (ii) that transverse magnetization loss
due to T1 relaxation is negligible on the relevant time
6FIG. 5. Signal vs transmitter voltage for 1280 µs and 1664 µs
SINC pulses for six-layer agar gel using 15 channel knee coil
as transmit and receive coil.
scale, i.e., T1  TE , we can assume Mz(t) ≈ 0 for 0 ≤
t ≤ TE and reduce the Bloch equation to a single equa-
tion for the transverse magnetization Mxy = Mx + iMy,
M˙xy(t) = −γ(t)Mxy(t) (5)
with γ(t) = iω(t) +T−12 . Integrating this equation yields
the explicit formula
Mxy(t) = exp
[
−
∫ t
0
γ(t)dt
]
Mxy(0) (6)
for the transverse magnetization at time t. To investi-
gate the effect of different noise spectra, we set ∆ω(t) =
c0 + η(t), where η(t) is either noise with a flat frequency
spectrum (white noise), noise with a spectral density pro-
portional to 1/f (pink noise) or noise a spectral density
proportional to f (blue noise). For each case, 10,000 in-
stances of η(t) are generated. As we are not interested
in the constant offset here, which is refocused by a single
spin echo, we set c0 = 0. We also drop the 1/T2 term,
which is independent of the dephasing resulting from res-
onance frequency fluctuations. In our simulations there
was no explicit high-frequency cut-off but the frequency
resolution is limited by the time resolution of the noise
sampling of 50 µs and the length of the signal of 50 ms.
Examples of the different types of noise in the the time
and frequency domain are shown in Fig. 9. Note that in
a slight departure from convention we are applying the
terms pink, white and blue to amplitude spectra, not the
power spectral density, as the former are directly related
to the induced dephasing. The evolution of the magneti-
zation Mηxy(t) is calculated for each η(t) and the average
magnetization computed by averaging the trajectories.
Fig. 10 shows that the refocusing pulses are effective for
pink noise in that the average transverse magnetization
|Mxy(t)| reduces more slowly subject to refocusing pulses.
Fig. 11 further shows that the effect increases with the
number of refocusing pulses, as expected. However, there
is little difference in |Mxy| between UDD and CPMG.
In fact the transverse magnetization loss for CPMG is
slightly smaller than for UDD. For blue noise UDD ap-
pears to have a slight advantage over CPMG for n = 10
but comparing the magnetization loss subject to either
CPMG or UDD refocusing and without refocusing for
white and blue noise shows that refocusing is actually
detrimental in this case in that it accelerates the loss
of transverse magnetization. For white noise the effect
appears independent of the number of refocusing pulses,
while for blue noise the magnetization loss increases with
the number of refocusing pulses.
These results are not too surprising considering that
the cumulative effects of high frequency fluctuations on
the phases of the proton spins tend to cancel over longer
periods of time, and the longer the time averaged over,
the better the averaging of the high-frequency compo-
nents. On the other hand, if noise is dominated by low
frequencies as in the case of pink (1/f) noise, then the
echo time TE is too short for averaging to occur and refo-
cusing becomes beneficial. They are also consistent with
other theoretical work.
For example, [14] found that for 1/f and random tele-
graph noise, UDD is optimal for suppressing initial de-
coherence in the presence of a hard ultraviolet cut-off in
the Gaussian noise spectrum, but if the cut-off cannot
be reached then CPMG is the better practical approach.
The results were corroborated in [15, 16] and Pasini and
Uhrig noted that for a pure-dephasing spin boson model
for baths with power law spectra, the numerical optimiza-
tion yielded dynamic decoupling sequences very close to
CPMG for bath spectra with a soft cut-off but the so-
lutions approached UDD as the cut-off became harder
[17].
Ref. [16] examined the efficacy of dynamic decoupling
sequences with regard to phase error suppression applied
to a model quantum memory. The ambient magnetic
field fluctuations in the high-field superconducting mag-
net were measured directly, showing a 1/f2 spectrum
(power spectrum 1/f4) with a soft high-frequency cut-
off. CPMG was found to perform similarly to UDD.
Numerical simulations with artificially injected noise
showed that UDD significantly outperformed CPMG
when Ohmic noise with a high-frequency cut-off was in-
7FIG. 6. Stimulated echo vs main echo signal for two-pulse CPMG sequence as a function of the voltages of the RF excitation
(V1) and refocusing pulses (V2) for the test-tube sized agarose gels scanned in the loop coil. The voltages are tuned to minimize
the stimulated echo contributions. For our choice of RF-pulse of durations 1280µs and 2048µs, respectively, we attained
SE/ME ratios between 2.7% and 4.4%. (Different markers correspond to different gel samples.)
FIG. 7. Stimulated echo vs main echo signal for two-pulse CPMG sequence for four different combinations of peak pulse
amplitudes for the six-layer agar gel phantom.
FIG. 8. R2 for agarose samples and six-layer agar gel phantom obtained used CPMGn and UDDn by fitting the signal
according to (4) as shown in Figs 18, 19 and 20 in the appendix.
8(a) Pink noise: 1/f spectrum (b) Noise noise: flat spectrum (c) Blue noise: f spectrum
FIG. 9. Examples of resonance frequency fluctuations ∆ω(t) for different noise types.
(a) Pink noise: 1/f spectrum (b) White noise: flat spectrum (c) Blue noise: f spectrum
FIG. 10. Evolution of transverse magnetization subject to different noise models averaged over 104 noise trajectories without
refocusing and ten pulse CPMG and UDD refocusing sequences.
jected, whereas CPMG performed similarly to UDD
when 1/f noise with a high-frequency cut-off was in-
jected.
V. EXPERIMENTAL NOISE SPECTRA FOR
GEL PHANTOMS AND TISSUE
To assess which noise model best describes the noise
spectra for tissue and tissue-mimicking gel phantoms,
we obtained experimental noise spectra for both using
standard spectroscopy sequences for point-resolved sin-
gle voxel spectroscopy and chemical shift imaging (CSI),
PRESS and sLASER. The noise spectra were obtained
from the normal spectra following the technique de-
scribed in [18]. For the prostate data informed consent
was obtained from a volunteer under the centre’s ethical
approval for pilot studies.
Fig. 12 shows that the amplitude noise spectra de-
rived from experimental spectra for a gel phantom and
prostate in vivo scans strongly resemble pink noise spec-
tra. More specifically, they resemble pink noise spectra
with a high frequency spike near the frequency cut-off de-
termined by the sampling rate of the receive coils. Thus,
the noise spectra are almost opposite of blue noise with
a high-frequency cut-off. Therefore, our empirical obser-
vation that CPMG provides better refocusing in tissue-
mimicking gels makes sense, and given the similarity be-
tween the noise spectra of our gels and in vivo spectra
for human tissue, it stands to reason that the same re-
sults are likely to apply for tissue imaging. Pink noise
also appears to be a more realistic noise model for bio-
logical systems and tissue-mimicking gels on theoretical
grounds, considering that fluctuations due to J-coupling
and diffusive motion effects are typically low-frequency,
on the order of a few hundred Hertz at most.
However, the simulations do not explain the empirical
data fully. The differences in the observed signal strength
between UDD and CPMG appear larger than the small
differences observed in the simulations. Furthermore, the
simulations do not explain the apparent enhancement of
tissue inhomogeneities observed in the literature [10]. To
elucidate these observations requires more in depth anal-
ysis considering the effects of various non-idealities that
9(a) Pink noise: 1/f spectrum (b) White noise: flat spectrum (c) Blue noise: f spectrum
FIG. 11. Magnetization loss 1 − |Mxy(t)| at the echo time TE = 50 ms as a function of the number of refocusing pulses n for
different noise models.
(a) Noise spectrum: gel (b) Noise spectrum: prostate (c) Histogram of α
FIG. 12. Examples of experimental noise spectra for a gel phantom and prostate show that the amplitude noise spectrum has
an fα dependence with α around −1 and that the experimental noise spectra for our gel phantoms closely resemble those of
human tissue. The histogram plot of α, i.e., the slopes of the noise spectra in the log-log plot, derived from 512 prostate spectra
shows a distribution clustered about −1, as expected for pink noise.
can result in imperfect excitation and refocusing pulses.
VI. NON-IDEALITIES AND COHERENCE
PATHWAYS ANALYSIS
An ideal excitation pulse converts the longitudinal
magnetization of the entire slice uniformly to transverse
magnetization and a perfect refocusing pulse inverts the
sign of this transverse magnetization. Realistic excita-
tion and refocusing pulses, however, are not perfect for
various reasons ranging from inevitable variations across
slices due to non-rectangular pulse profiles, especially for
short excitation and refocusing pulses, to B0 and RF in-
homogeneity either due to technical imperfections in the
equipment or tissue susceptibility effects, for example.
To elucidate the effects of applying a sequence of im-
perfect pulses on the evolution of an ensemble of spins we
use coherence pathways analysis [19]. LetMz be the lon-
gitudinal magnetization and decompose the transverse
magnetization Mt into dephasing and rephasing compo-
nents, M+ = Mx + iMy and M− = Mx − iMy. An in-
stantaneous pulse effecting a rotation R about a general
axis maps the magnetization ~M = [Mx,My,Mz]T to the
new magnetization vector ~M+ by a linear transformation
~M+ = R ~M with
R = exp
α
 0 − cos θ sinφ sin θcos θ 0 − cosφ sin θ
− sinφ sin θ cosφ sin θ 0

(7)
for a rotation about the axis (sin θ sinφ, sin θ cosφ, cos θ),
where θ and φ are the polar and azimuthal angles, re-
spectively. Substituting Mx = 12 (M+ + iM−) and My =
− i2 (M+ − iM−) we can easily derive the corresponding
linear transformation A mapping the pre-pulse coherence
vector ~F = [M+,M−,Mz] to the post-pulse vector ~F+.
Each pulse splits the ensemble into three components,
10
which evolve between pulses according to
M+ = e
−τ/T2M+, M− = e−τ/T2M−, Mz = e−τ/T1Mz,
(8)
where τ is the time elapsed since the last pulse and T1 and
T2 are the longitudinal and transverse relaxation rates,
respectively. Combining these results enables us to com-
pute the amplitudes of the coherences M+, M− and Mz
for all coherence pathways for a multi-pulse sequence of
instantaneous rotations and delays. The coherence path-
ways and echo formation can be visualized diagrammat-
ically as shown in Fig. 13.
We can label the pathways by the action of the pulses,
using 0 if the pulse does not change the magnetization,
1 if it results in a 90◦ rotation and 2 if it results in
a 180◦ rotation. With this labeling of the pathways,
careful analysis of the pathway diagrams shows that for
constant dephasing the pathways 12222, 12020, 10202,
11001, 11221, 10110, 11111, 11122, 12112, 11012, 12101,
12211 are simultaneously refocused at the echo time TE
for CPMG4, while for UDD4 pulse timing, four distinct
echoes are formed around TE : pathway 11122 forms an
echo at time 0.9410TE , pathways X1211, XX120 with
X ∈ {0, 2} form an echo at time 0.9635TE , pathways
12222, 11001, 11221, 10110, 12112 form an echo at time
TE , and pathways 11012, 12101, 12211 form an echo at
time 1.0590TE .
If all pulses are perfect then the only coherence path-
way excited by the four-pulse CPMG or UDD sequence
is the pathways shown in bold in Fig. 13. This is reflected
in coherence amplitude plot in Fig. 14 (a) showing that
there are only two non-zero amplitudes at each step in
the sequence, corresponding to the M+ and M− magne-
tization of the target pathway. With relaxation between
pulses the amplitudes decay (b) but there are still only
two matched peaks corresponding to M+ and M− mag-
netization of the target pathway. Any rotation axis or
angle error, however, leads to population of many other
coherence pathways as shown in Fig. 14(c).
Crusher gradients can be applied to selectively dephase
coherence pathways by ensuring that their total gradient
moments are non-zero and preferably large. Our imple-
mentation allows crusher gradients with arbitrary gra-
dient moments an,L and an,R before and after the nth
refocusing pulse but to preserve the target pathway, the
crusher gradient moments before and after each refocus-
ing pulse must be equal an,L = an,R =: an. Uniform
crusher gradient moments an = a, the default choice for
the standard CPMG sequence [20], suppress unwanted
FID signals but still refocus many stimulated echo path-
ways. Dephasing the latter requires the crusher gradient
moments for different refocusing pulses to be mutually
distinct an 6= an′ for n 6= n′. For n = 4 the explicit
conditions that should be satisfied are
(a2 − a1) 6= (a4 − a3)
(a3 − a1) 6= (a1 − a4)
(a4 − a1) 6= (a2 − a4)
2(a1 − a4) + (a2 − a3) 6= 0.
For sequences with more refocusing pulses the number
and complexity of the equations increase dramatically.
Computation of the coherence amplitudes for CPMG
and UDD pulse spacings shows negligible differences in
the coherence amplitudes as a result of the different pulse
spacing for typical values of the echo time TE and T1 and
T2 relaxation times. However, Fig. 13 shows that the dif-
ference between CPMG and UDD lies in the timings at
which the echoes occur. The many possible coherence
pathways give rise to many echoes for both sequences.
However, for CPMG pulse spacing many of these echoes
coincide, leaving only a limited number of well-separated
echoes. This endows the CPMG sequence with signif-
icant robustness with regard to pulse imperfections —
even if other pathways are populated, most of these are
refocused to form echoes concomitant with the target
echo or well before or after the target echo. The lat-
ter are likely to be almost entirely dephased during the
measurement of the target echo and thus irrelevant.
UDD pulse spacing, on the other hand, results in a
multitude of possible echoes, several of which occurring
close to but not concomitant with the target echo. Hence,
if some of these other pathways are populated, we are
likely to see interference of multiple echoes around the
target time, resulting in complicated measurement sig-
nals. At the least the different coherence levels of the
pathways, if excited, will reduce the overall coherence of
the ensemble and thus the magnitude of the (transverse
magnetization) readout signal. Thus, UDD is more sen-
sitive than CPMG to imperfect excitation and refocus-
ing pulses unless the crusher gradients are large enough
to completely dephase all unwanted excitation pathways.
As the differences in the coherence amplitudes of the var-
ious pathways for UDD and CPMG are marginal (at
least for n = 4), if unwanted pathways are completely de-
phased the differences between UDD and CPMG should
decrease. Dephasing of the population in these pathways
will reduce the magnetization signal in both cases.
Interference of echo pathways is a likely explanation
why UDD appears to enhance inhomogeneities in tissue.
Such inhomogeneities tend to result in slight variations
in the effective amplitudes of the RF pulses, resulting in
pulse angle errors that lead to population of non-target
pathways and echo interference effects. Local magnetic
susceptibility effects, for example, change the local B-
field by a factor of (1 + ξ), ξ being the susceptibility.
As ω ∝ B0, local susceptibility effects lead to resonance
offsets in a voxel ∝ ξB0 and result in rotation axis er-
rors as shown in Fig. 15. Thus UDD can enhance local
susceptibility effects. However, it will also enhance inho-
mogeneities resulting from other sources, such as intrinsic
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FIG. 13. Possible coherence pathways for an excitation pulse followed by a four refocusing pulses with CPMG4 spacing (left)
and UDD4 spacing (right) with dephasing rate a = 1 per echo period TE . tn are the UDD4 timings determined by (1). The
thick line indicates the target pathway. Red dots indicate possible echoes.
(a) Ideal pulses, no relaxation (b) Ideal pulses, relaxation (c) non-ideal pulses, relaxation
FIG. 14. Evolution of coherence amplitudes for an excitation pulse followed by a four refocusing pulses, starting with the
entire magnetization in Mz, for ideal pulses without relaxation (a), ideal pulses with relaxation (b) and non-ideal pulses with
relaxation (c). For typical T1 and T2 values and echo times the difference in the coherence amplitudes due to pulse spacing
effects between UDD4 and CPMG4 is negligible.
B0 or B1 inhomogeneities, for example.
The echo interference effect due to local susceptibility
variations can be seen in the images of a slice through a
cylindrical water phantom with a small aluminum block
(not visible) affixed on top in Fig. 16. The top left
CPMG4 image with uniform crusher gradients shows al-
most no evidence of the aluminum block as the stim-
ulated echo coherences created in the non-target path-
ways are refocused and create echoes concomitant with
the target echo. When the crusher gradient moments
are made unequal to dephase the population in the non-
target pathways a dark spot becomes visible in the vicin-
ity of the aluminum block in the top right CPMG4 im-
age due to reduced population in the target pathway.
For UDD4, on the other hand, the bottom left image,
acquired with uniform crusher gradients, shows a clear
interference fringe, which is significantly reduced when
non-equal crushers are applied (bottom right). The fact
that the fringe is reduced but still visible is most likely
due to the applied crusher gradients being insufficiently
strong to completely dephase the non-target pathways.
Chemical shifts can have a similar effect. Assuming the
excitation and refocusing pulses are calibrated to produce
perfect 90◦ and 180◦ rotations for water protons then
chemical shift offsets, e.g., for oil or fat, result in im-
perfect rotations that spread the population over many
coherence pathways producing effects similar to B0 or B1
inhomogeneity.
Example 1 (Water-Oil Chemical Shift Effect.)
The chemical shift for oil relative to water at 3 T
is −440 Hz. If we apply a 1024 µs 90◦-pulse at the
resonance frequency of water then the nominal Rabi
frequency is Ω = pi/(2 × 1.024 ms) ≈ 1.53 kHz. Hence,
∆ω = −0.287×Ω, the actual Rabi frequency Ω′ = 1.05×Ω
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FIG. 15. Bloch sphere with x, y and z-axis in black. An off-
resonant excitation pulse about the x or y axis will instead
produce a rotation about one of the red axes. The azimuthal
angle of the actual rotation axis depends on the magnitude of
the resonance offset ∆ω relative to the Rabi frequency of the
pulse, θ = pi
2
−arctan(∆ω/Ω). The generalized Rabi frequency
of the pulse is Ω′ =
√
∆ω2 + Ω2, resulting in additional rota-
tion angle errors.
and azimuthal angle of the rotation axis θ ≈ 1.18 × 90◦,
i.e., the rotation angle error is 5% and rotation axis
error is 18% for the excitation pulse. Similarly, for a
1280 µs nominal 180◦-pulse we have Ω ≈ 2.45 kHz and
θ = 1.11 × 90◦ and Ω′ = 1.016 × Ω, i.e., a rotation axis
error of 11% and angle error of about 1%.
The effect of these pulse errors on the coherence am-
plitudes is shown in Fig. 17. The amplitudes for oil are
overall lower due to much greater relaxation. The off-
resonant pulses convert a significant amount of magneti-
zation to longitudinal magnetization, and of the remain-
ing transverse magnetization, the population of the tar-
get pathway is only 93%. The differences in the coherence
amplitudes between UDD and CPMG are negligible but
as CPMG refocuses the populations of the main alterna-
tive pathways at TE along with the main pathway, while
UDD does not, CPMG will result in the appearance of
better refocusing, especially for uniform or no crusher
gradients.
Finally, we observe that the resulting longitudinal co-
herences created by imperfect pulses decay slowly, hav-
ing decayed only by e−(TR−TE)/T1 at the beginning of the
next scan, even in a single echo scan. Unless TR − TE 
T1 this may result in complex features and characteris-
tics commonly seen with short-TR steady-state free pre-
cession sequences.
To better understand the performance of dynamic de-
coupling sequences such as UDD in the presence of var-
ious experimental imperfections, and optimize the se-
quence parameters, the coherence pathway analysis could
be extended to include full Bloch equation simulations in-
corporating experimental slice profiles for the excitation
and refocusing pulses to calculate the predicted echo sig-
nal [21, 22].
VII. CONCLUSION
Despite suggestions in previous work that UDD may
provide better refocusing of tissue than the conventional
and widely used CPMG sequence [10, 11], our relax-
ometry results for carefully calibrated experiments using
tissue-mimicking gel phantoms suggest that the conven-
tional CPMG sequence with regular spacing of the re-
focusing pulses provides better refocusing of tissue and
greater robustness than UDD.
These results are supported by theoretical consider-
ations and simulations. UDD has been shown to pro-
vide superior decoupling for a two-level system coupled
to a bath characterized by a power spectrum of the form
P (f) ∝ f with a high-frequency cutoff [4]. Our simula-
tions suggest that UDD still performs marginally better
than CPMG if the resonance frequency offset is charac-
terized by a blue noise amplitude spectrum. However, in
the context of MRI, no refocusing is preferable to either
CPMG or UDD refocusing in the presence of white or
blue noise as the effects of resonance offset fluctuations
∆ω(t) with frequencies much greater than the inverse
echo time, 1/TE , tend to average and refocusing inter-
feres with this averaging effect. The simulations show
that refocusing is beneficial in the presence of pink noise,
characterized by a 1/f amplitude spectrum and dom-
inated by low-frequency fluctuations. Both theoretical
and empirical observations suggest that biological sys-
tems such as tissue are generally subject to 1/f noise.
Our simulations show that CPMG outperforms UDD
even for ideal instantaneous refocusing pulses for pink
noise, consistent with our empirical observations.
Coherence pathway analysis furthermore suggests that
regular pulse spacing such as CPMG benefits from ro-
bustness with regard to imperfect excitation and refocus-
ing pulses. Imperfect pulses lead to the accumulation of
population in a multitude of coherence pathways and the
formation of a multitude of echoes in addition to the main
echo at time TE . For the regular pulse spacing of CPMG
many of these additional echoes coincide with the main
echo. This simultaneous refocusing of alternative echo
pathways endows CPMG with special robustness in the
presence of imperfect pulses. For non-uniform spacing of
the refocusing pulses, as in UDD, additional echoes oc-
cur at different times. For UDD4 spacing, for example,
there are three additional echoes offset from the main
echo by less than 10%, which can interfere, producing
interference patterns in the image. This effect renders
sequences such as UDD more susceptible to pulse imper-
fections and both B0 and RF inhomogeneity.
While the sensitivity to B0 inhomogeneity is problem-
atic in the presence of inhomogeneity caused by techni-
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FIG. 16. CPMG-4 and UDD-4 images of a slice of a uniform water phantom with a small aluminum block affixed on top for
different choices of crushers.
FIG. 17. Coherence amplitudes for CPMG4 and UDD4 with TE = 40 for water (T1 = 4 s, T2 = 400 ms) and oil (T1 = 250 ms,
T2 = 70 ms, chemical shift −440 Hz), assuming pulses perfectly calibrated for water (pi/2-pulse duration ta = 1024 µs, pi-pulse
duration tb = 1280 µs).
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cal imperfections of the equipment, it also renders UDD
more sensitive to resonance offsets due to chemical shifts
— which may explain some of the differences observed in
the refocusing of oil and water — as well as sensitivity
to small variations in tissue susceptibility – which may
explain the apparent enhancement of inhomogeneities in
tissue observed in [10] — and suggests that decoupling
sequences with non-equal pulse spacing may be useful for
certain imaging tasks. Given that UDD spacing is less
effective than CPMG for 1/f noise, however, we conjec-
ture that decoupling sequences with non-equal spacing
different from UDD spacing exist that outperform UDD
and CPMG in refocusing tissue. The design of such se-
quences requires further experimental characterization of
noise spectra for different types of healthy and diseased
tissue.
Another area of future work suggested by our results
are dynamic decoupling sequences optimized for realistic
RF pulses. Although it has been observed in [6] that in
principle, the effect of finite pulse durations can be miti-
gated by using optimized, shaped pulses, in MRI the need
for slice-selective pulses imposes constraints on the dura-
tion of the pulses and optimization of pulse shapes. This
limits the number of decoupling pulses that can be ap-
plied and suggests a need for more robust, simultaneously
time and slice-profile optimized RF pulses. Furthermore,
much greater static magnetic andRF field inhomogeneity
in large-bore 1.5 T or 3 T clinical MR systems compared
to high-field NMR spectrometers, make robustness of dy-
namic decoupling sequences to such imperfections critical
for applications in MRI.
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Appendix A: T2 fits for CPMGn and UDDn for all
samples
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FIG. 18. Agarose gel T2 fits for CPMGn (blue) and UDDn (red) and R2 vs concentration plot without crusher gradients.
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FIG. 19. Agarose gel T2 fits for CPMGn (blue) and UDDn (red) and R2 vs concentration plot with nonuniform crusher
gradients.
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FIG. 20. Agar layer gel T2 fits for CPMGn (blue) and UDDn (red) with uniform crusher gradients.
18
FIG. 21. Agar layer gel T2 fits for CPMGn (blue) and UDDn (red) with uniform crusher gradients.
